We present first principles study of thermoelectric transport properties of sandwiched heterostructure of Graphene (G)/hexagonal Boron Nitride (BN)/G, based on Boltzmann transport theory for band electrons using the bandstructure calculated from the Density Functional Theory (DFT) based plane-wave method.
Introduction
The study of thermoelectric transport in nanomaterials has been a topic of intensive research in recent years [1, 2, 3] . Nanomaterials in the form of compound semiconductors, semiconductor multi- caused by the simultaneous decrease in thermal con-obarrier graphene transistors have also been proposed [7] , [8] . Britnell et. al. [9] have reported a prototype field-effect tunneling transistor with atomically thin boron nitride acting as a vertical transport barrier.
In addition to electron transport, heat dissipation in these graphene based heterojunction devices is found to be dominated by vertical heat transfer [10, 11] .
Recently Chen et al [12] have reported thermoelec- 
Quantum transport in trilayers G/h-BN/G and h-

BN/G/h-BN have recently been investigated theoret-
ically by Zhong et al [14] , predicting a metal like conduction in low-field regime. Thermoelectric transport in G/h-BN nanoribbons have been studied using non-equilibrium Green's function method [15] for different thickness of h-BN and Graphene domains.
Thermal transport was studied by Kinaci et al [16] in G/h-BN nanoribbons using equilibrium molecular dynamics simulation. However, a complete study of thermoelectric transport in G/h-BN/G heterostructures with multilayer h-BN and comparison to experimental data [12] is apparently not available.
In this paper we report a computational study of the thermoelectric properties of sandwiched heterostructures of Graphene and h-BN. We have used density functional theory (DFT) based electronic structure method and Boltzmann transport theory for the band electrons to calculate the electrical conductivity (σ) and Seebeck coefficient (S). A largescale equilibrium molecular dynamics (MD) simulation using Green-Kubo formalism [17, 18] are close to recent measurements [12] . Moreover, our calculated κ for the multilayers and bulk h-BN shows a qualitative agreement with recent experimental results of Jo et al [13] . Calculated κ along orthogonal directions in planar G/h-BN striped heterostructures also quantitatively agree with previous calculations [16] .
Method of Calculation
All the electronic structure calculations were carried out using Density Functional Theory (DFT) based plane-wave method, as implemented in the Quantum Espresso code [19] , using an orthorhombic unit-cell. The generalized gradient approximation (GGA) [20] was used for the exchangecorrelation potential and the ultrasoft pseudopotential [21] was used to describe the core electrons. Selfconsistent calculations were performed using a con- 
Electrical Conductivity and Thermopower
To calculate the transport properties, we have used the semi-classical Boltzmann transport theory applied to band electrons as implemented by the Boltz- The numbers indicate thickness of the heterostructures inÅ.
trap code [26] . The transport parameters are obtained from the group velocity v α (i, k) of the band electrons, referring to the i th energy band and the α th component of the wavevector k, from the band
The electrical conductivity tensor is then written as,
Here, fµ is the Fermi-Dirac distribution function, V is the sample volume and τ is the electron relaxation time, which depends on the electron-electron interaction and e is the electronic charge. Though one would expect that τ would depend on both the band index and k, detailed studies [27, 28] have shown, to a good approximation τ could be independent of direction. Above relation was used to calculate temperature dependent resistivity of two-dimensional CBN nanomaterials recently [29] .
The Seebeck coefficient tensor is expressed as, around the energy gap, one can obtain a simpler form of the Seebeck coefficient in Eq. 3, by using the Sommerfeld expansion, to obtain,
Above relation is known as the Mott formula [31] , where k B is the Boltzmann constant. The Power factor is defined as S 2 σ and the Figure of merit is defined is defined as
where κ is the temperature dependent thermal conductivity.
Thermal Conductance
In order to obtain the instantaneous heat current (J) as a function of time, one can employ equilibrium molecular dynamics simulations. Moreover, using this heat current, thermal conductivity κ can be evaluated by using the GreenKubo method [17, 18] or the Einstein relation [32] . Detailed calculations using the latter method have been reported [33, 34, 35, 36, 37] . Here we adopt the Green-Kubo method as implemented in the code LAMMPS [38] . Thermal conductivity is defined as the coefficient that links the macroscopic heat current to the temperature gradient, J = −κ T . The formula for κ by Green Kubo is given by,
where V and T are the volume and temperature. The factor 3 accounts for averaging over the 3 dimensions and the angular brackets refers to the average over time. The macroscopic heat current is given by,
where v i and e i are the velocity and site energy of particle i. F ij is force on the atom i due to its neighbor j from the potential.
Molecular dynamics (MD) simulations were performed first in microcanonical ensemble (N V E) and then the Nosé-Hoover (N V T ) ensemble. The constant temperature N V T ensemble requires an additional frictional term [39] to be introduced in Eq 7. To ensure energy conservation of the system, MD simulations were carried out with a time step of 1fs. Five different initial uniform seed velocities were used for the simulations.
The value of κ was obtained by averaging over these runs using the standard deviation as the error bar. Preliminary calculations with different number of atoms showed that the standard deviation (error bar) was small when the number of atoms in the simulation cell were around 40000. Therefore, in all MD runs we used simulation cells containing around 40000 atoms.
The results of MD simulations are shown in the next section.
We used the Tersoff potential based force field [40] , as obtained for h-BN by Sevik et al. [34] , and for graphene by Lindsay et al. [41] . The Tersoff-parameters for the B-C and N-C bonds were taken from Kinaci et al [16] . To examine this Tersoff-type potential implemented in LAMMPS, we reproduced the results of Kinaci [16] for the thermal conduction 
Results and Discussions
Electrical Conductance and Thermopower
The is a donor, the total number of charge carriers n remains the same as that in graphene and hence the conductance at low temperatures, which is essentially proportional to √ n is essentially that of graphene [42] . We therefore expect that the form of S, which depends only on conductivity, to have a similar form as that of graphene. In Fig. 2 we see that, as expected, the form of S is that of graphene. However, at very low temperatures the Seebeck coefficient has a flat region around the Fermi energy which is due to the band gap.
In the 40K -300K temperature (T ) range it is seen that the conductivity decreases as T increases. Therefore S increases as T increases as seen in the inset of We would like to mention that we have calculated the the components of σ along the cartesian axes, with z-axis being normal to the plane of the G/h-BN/G heterostructure, shown in [30] . Then using the Mott's formula 4 we obtained the Seebeck coefficients along the principal directions [30] . We have obtained a finite Sz near the Fermi energy which contributes to the total Seebeck coefficient which could be due to periodic boundary condition. We feel that the electrical conduction along the z-axis should include contributions also from the other two principal directions, as planar Graphene is used as the contact on both sides of multi-layer h-BN in the experiment [12] . [12] .
Experimentally the Seebeck coefficient of G/h-BN/G was measured by applying a temperature gradient between the top and bottom Graphene layers using Raman spectroscopy [12] .
For a temperature gradient ∆T = 39 K at a constant thermoelectric voltage ∆V = 4mV, they obtained S = −99.3µV/K.
This method was employed by Chen et al [44] to measure the Seebeck coefficient of G/h-BN. To compare our calculations with that of Chen et al [12] we fixed the chemical potential corresponding to the experimentally measured S as shown in Chen et al [12] has been shown by the black dotted line. In order to test the equilibrium MD method [38] for the calculation of thermal conductivity, we first calculated κ for twodimensional striped heterostructures of Graphene and h-BN with both armchair and zigzag interfaces between Graphene and h-BN domains at T = 300K, shown in Fig. 4 . The error bars in our calculation are estimated from five different sets of MD runs with different random initial velocities. For comparison we also show the previous calculations by Kinaci et al [16] in the same figure. Our simulation results for κ, both parallel and perpendicular to the crystal edges as shown in the inset, compare quite well with previous calculations [16] .
Thermal Conductance
G/h-BN Planar striped heterostructure
We have also compared the ratio κ/κ 0 , κ 0 being thermal conductivity of pristine Graphene, and obtained this to be 0.3203 for the zigzag and 0.3273 for the armchair interfaces, respectively. These results are in excellent agreement with calculations performed using non-equilibrium Green's function method for Graphene and h-BN nanoribbons [15] . Therefore, the use of Tersoff potential based force field was found to be satisfactorily applicable for the thermal transport simulations 
Bulk and multilayers of h-BN
In Fig 5 we show the results of thermal conductivity as a function of the temperature (25-400K) calculated from the equilibrium MD simulation at constant temperature (N V T thermostat)for pure h-BN 5-, 11-layers and bulk, and compared with the available experimental results of Jo et al [13] .
For each calculation, the system was thermalized to the desired temperature first for each set of initial uniform distribution of velocities. κ was calculated for five different sets of initial velocities and the error bar was estimated from the standard deviation.
We found κ increases with T and tend to saturate at Recently, several calculations have been reported on thermal conductivity of single-layer h-BN [45, 46, 47] . Transport calculations by Lindsay et al [45] and Ouyang et al [47] , which were calculated from the phonon spectrum using the phonon The numerical value of κ and its variation with T depends on the direct and Umklapp phonon-phonon scattering mechanism [45] and also on the lifetime of such processes. We plan to investigate these effects using phonon Boltzmann transport theory from the phonon bandstructure later. We would like to emphasize that our calculations involve electrical transport not strictly along the vertical direction, because the Boltzmann transport theory yields smaller contributions to electrical conductivity along that direction compared to those along x-and y-directions. We have calculated the zcomponent of the Seebeck coefficient (Sz) [30] and found this to be finite and comparable to Sx and Sy close to the Fermi energy. However, this could be due to the periodic boundary we have implemented also along z-directionwith a vacuum of 22Å between the sandwiched layers. The total Seebeck coefficient S shown in Fig 2, however, shows a quantitative agreement with the experimental data [12] . Thus, we conclude that in the thermoelectric measurements [12] the electrical transport may not be strictly along the z-direction as the upper and lower Graphene contacts with multilayer h-BN would allow trans- middle and right panels; respectively. The available experimental data [12] in each panel at 300K is also indicated.
port channels involving components along x-and y-directions as well. A good quantitative agreement with experimental data also supports above conclusion.
Summary
We have shown that for three, four and five BN layers sandwiched between Graphene layers, the Boltzmann trans- Graphene and multilayered h-BN, using the equilibrium GreenKubo method. Our calculations may be extended to include phonon bandstructure based transport calculations and using non-equilibrium Green's function based methods.
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